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Streptococcus pneumoniae is a piliated pathogen
whose ability to circumvent vaccination and antibi-
otic treatment strategies is a cause of mortality
worldwide. Pili play important roles in pneumococcal
infection, but little is known about their biogenesis
mechanism or the relationship between components
of the pilus-forming machinery, which includes the fi-
ber pilin (RrgB), two minor pilins (RrgA, RrgC), and
three sortases (SrtC-1, SrtC-2, SrtC-3). Here we
show that SrtC-1 is the main pilus-polymerizing
transpeptidase, and electron microscopy analyses
of RrgB fibers reconstituted in vitro reveal that they
structurally mimic the pneumococcal pilus back-
bone. Crystal structures of both SrtC-1 and SrtC-3
reveal active sites whose access is controlled by
flexible lids, unlike in non-pilus sortases, and suggest
that substrate specificity is dictated by surface rec-
ognition coupled to lid opening. The distinct struc-
tural features of pilus-forming sortases suggest
a common pilus biogenesis mechanism that could
be exploited for the development of broad-spectrum
antibacterials.
INTRODUCTION
Streptococcus pneumoniae, the causative agent of pneumonia,
bacteremia, otitis, and meningitis, is a major cause of commu-
nity-acquired illnesses, especially in the very young and the el-
derly, and causes over 1.6 million deaths worldwide each year
(Levine et al., 2006). The spread of antibiotic-resistant strains
(Bronzwaer et al., 2002), coupled to the limited efficiency and/
or the restricted strain coverage of currently commercialized
vaccines (Bogaert et al., 2004; Spratt and Greenwood, 2000), un-
derline the need for the study of novel therapeutic targets for
pneumococcal infection.
Secreted virulence factors and extracellular appendages are
not only key factors in the initiation of bacterial infection, but
also noteworthy vaccine antigens (Gianfaldoni et al., 2007;
Maione et al., 2005; Mora et al., 2005). Pili, hair-like, elongated
fibers associated to the bacterial cell wall, play important roles1838 Structure 16, 1838–1848, December 10, 2008 ª2008 Elsevier Lin adhesion, biofilm formation, competence for DNA transforma-
tion, and motility, and are thus key elements of a bacterium’s
pathogenicity arsenal (Burrows, 2005; Manetti et al., 2007; Mat-
tick, 2002). Pili expressed by Gram-negative pathogens have
been the targets of multiple studies that have revealed that these
filaments are composed of non-covalently associated subunits;
coordination of subunit association involves, in many cases,
strand exchange mechanisms orchestrated by periplasmic
chaperones (Sauer et al., 2002; Vetsch et al., 2004). The pilus for-
mation process in Gram-positive bacteria, however, is still poorly
understood. It is widely accepted that in pathogens such as Co-
rynebacterium diphtheriae, the causative agent of diphtheria,
Streptococcus pyogenes, which causes toxic shock syndrome,
and S. pneumoniae, pili are formed through the covalent associ-
ation of subunits by sortases that are encoded within pilus-
specific pathogenicity islands (Budzik et al., 2008; LeMieux
et al., 2006; Mandlik et al., 2008; Mora et al., 2005; Ton-That
et al., 2004; Ton-That and Schneewind, 2003). Notably, sortases
are membrane-associated transpeptidases that play roles in
functions ranging from iron acquisition to sporulation (Marraffini
and Schneewind, 2006; Mazmanian et al., 2003). The quintes-
sential, best-studied sortase, SrtA, catalyzes the covalent at-
tachment of surface-exposed proteins, such as virulence fac-
tors, to the Staphylococcus aureus peptidoglycan (Schneewind
et al., 1992). Its catalytic mechanism involves recognition of an
LPXTG-like motif on the target protein followed by nucleophilic
attack of the Thr-Gly covalent bond by a catalytic Cys residue.
The ensuing acyl-enzyme intermediate can only be resolved by
attack from a free 3-amino group from the secondary substrate
that, in the case of SrtA, is the bridging residue of the stem pep-
tide of the peptidoglycan (Marraffini et al., 2006; Ton-That et al.,
2002). Pilus formation, however, requires dedicated sortases,
and the precise roles these molecules play in the pilus biogene-
sis process are still poorly understood. It is of interest that the
recent structure of the pilus-forming subunit of S. pyogenes re-
vealed that intramolecular isopeptide bonds are used to stabilize
the pilus building block, with one bond located in the vicinity of
the sortase recognition site (Kang et al., 2007), although the pre-
cise role played by this specific arrangement in the pilus-forming
process is still unclear.
In S. pneumoniae the entire macromolecular machinery re-
sponsible for pilus formation is encoded on a mobile pathogenic-
ity islet (rlrA). Strains that lack the rlrA islet display less adherence
to lung epithelial cells and are less virulent in murine models oftd All rights reserved
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Sortase-Catalyzed Pilus Fiber Formationpneumonia and bacteremia, revealing that the pilus plays an im-
portant role in infection (Barocchi et al., 2006; Hava and Camilli,
2002). The rlrA islet harbors seven genes, three of which encode
structural proteins (RrgA, RrgB, and RrgC) and three of which en-
code sortases (SrtC-1, SrtC-2, SrtC-3). Transmission electron
microscopy images of infectious S. pneumoniae strains have re-
vealed that the pilus shaft is composed of a RrgB polymer, with
the minor pilins RrgA and RrgC associated to it in patches (Hill-
eringmann et al., 2008; LeMieux et al., 2006); in the case of
RrgA, association has also been shown directly onto the cell
wall (Barocchi et al., 2006). All six proteins are potentially linked
to the cell membrane through a single, predicted transmem-
brane (TM) region. Notably, the three structural proteins carry
an LPXTG-like motif immediately upstream of the TM region,
which potentially enables them to be acted upon by the dedi-
cated sortases. In addition, RrgB also displays a conserved
Lys residue within a ‘‘pilin’’ motif that is present within most
pilus-forming subunits from Gram-positive organisms. Thus,
RrgB polymerization could proceed via a mechanism in which
the LPXTG-like motif serves as a donor substrate, whereas
a conserved Lys residue within a ‘‘pilin’’ motif potentially acts
as the acceptor during a sortase-catalyzed transpeptidation re-
action, in a process that would ensure stepwise, covalent incor-
poration of RrgB subunits into the growing fiber (Marraffini et al.,
2006; Scott and Zahner, 2006; Telford et al., 2006). Participation
of the 3-amino group of a conserved lysine residue in a nucleo-
philic pilus-forming reaction has now been shown forBacillus ce-
reus (Budzik et al., 2008) and Corynebacterium diphtheriae
(Mandlik et al., 2008), suggesting that this might be a conserved
mechanism in Gram-positive bacteria.
The equal number of structural and sortase-encoding genes in
pneumococci has prompted the ‘‘one protein, one sortase’’
proposition (Hilleringmann et al., 2008; LeMieux et al., 2006), in
which one sortase protein would be responsible for the polymer-
ization of the RrgB fiber, whereas the two others could play roles
in associating RrgA and RrgC (to RrgB and potentially to each
other). In this work, we show that SrtC-1 is the main fiber-forming
transpeptidase, and SrtC-3 has a modest capability of forming
RrgB oligomers. Purified RrgB fibers produced in vitro by SrtC-1
activity are structural mimics of the pneumococcal pilus back-
bone. In addition, the high-resolution crystal structures of the
two sortases that display in vitro reactivity toward RrgB, SrtC-1
and SrtC-3, reveal substrate-recognition regions that are cov-
ered by a lid that maintains the active sites in closed conforma-
tion, suggesting that pilus formation is regulated by a mechanism
that involves activation of sortase-mediated catalysis. The iden-
tification of sequences corresponding to lid regions in sortases
from a variety of piliated Gram-positive bacteria, as well as the
important role played by pili in infection, suggest that pilus-
forming sortases could represent tractable targets for antibiotic
development for a wide spectrum of bacterial pathogens.
RESULTS
RrgB Fiber Can Be Assembled In Vitro
by a Pilus-Polymerizing Transpeptidase
The pneumococcal rlrA pathogenicity islet encodes all of the
genes required for formation of the pilus-forming machinery,
namely backbone fiber (rrgB) and ancillary proteins (rrgA,Structure 16, 1838–18rrgC), as well as three sortases (SP0466, SP0467, SP0468,
whose protein products are SrtC-1, SrtC-2, SrtC-3) (Barocchi
et al., 2006; Hava and Camilli, 2002; LeMieux et al., 2008). To ini-
tiate our study of the pilus fiber formation process, we expressed
the soluble forms of SrtC-1, SrtC-2, SrtC-3, and RrgB from the
highly infectious S. pneumoniae serotype strain T4 (TIGR4) and
tested the ability of each sortase to polymerize RrgB monomers.
The presence of pili on the pneumococcal surface is character-
ized by a pattern of high-molecular-weight bands on sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
upon analysis of surface preparations, which provide evidence
of the covalent nature of the RrgB pilus backbone (Barocchi
et al., 2006; Hilleringmann et al., 2008). Hence, the ability to
form RrgB fibers in vitro was tested by searching for a pattern
of high-molecular-weight bands on gradient SDS-PAGE upon
incubation of RrgB monomers at 37C with SrtC-1, SrtC-2, or
SrtC-3. A ladder of bands with molecular weights above
100 kDa, which was recognized by antibodies raised against
RrgB, could be generated when monomeric RrgB was incubated
with SrtC-1 (Figure 1A, lane 2). In light of the fact that sortases
catalyze transpeptidation reactions by employing a Cys nucleo-
phile, we mutated the unique Cys residue within SrtC-1, Cys 193,
into Ala, and tested this mutant protein for its ability to generate
the RrgB high-molecular-weight ladder. Upon incubation with
SrtC-1-Cys193Ala, RrgB remained monomeric, and no higher-
molecular-weight bands could be detected (Figure 1A, lane 5),
pointing to the fact that in vitro RrgB polymerization is a product
of SrtC-1-related activity.
No evidence of RrgB polymerization could be identified upon
incubation of RrgB with SrtC-2 (Figure 1A, lane 3); however, in
the presence of SrtC-3, two faint bands could be reproducibly
detected in the vicinity of the 117 kDa marker (Figure 1A,
lane 4, indicated with stars), suggesting that SrtC-3 can catalyze
the formation of higher-molecular-weight forms of RrgB, albeit
much less efficiently than SrtC-1. These results suggest that al-
though SrtC-1 is the most efficient transpeptidase in the RrgB
polymerization process, SrtC-3 also displays a modest capabil-
ity to form polymerized forms of RrgB.
To confirm these results, we deleted the gene encoding SrtC-1
(SP0466) from the rlrA islet in strain TIGR4. Total extracts of mu-
tant TIGR4 as well as of the wild-type strain were treated with
mutanolysin, loaded onto gradient polyacrylamide gels, and im-
munoblotted with antibodies specific for RrgB (Figure 1A, lanes
6–9). Wild-type TIGR4 presented high-molecular-weight bands
characteristic of the presence of a polymerized pilus (Figure 1A,
lanes 6 and 7), whereas the SP0466 deletion mutant presented
a smaller quantity of fully polymerized pilus that was concomitant
with an increase in monomeric RrgB. These results confirm that
SrtC-1 plays a key role in the pilus polymerization process, and
that its absence can be partly compensated by a ‘‘background’’
polymerization activity of other sortases.
In Vitro Reconstitution of the Pneumococcal Pilus
Backbone
To obtain structural insight into the RrgB fibers prepared in vitro,
we performed a large-scale incubation of SrtC-1 and RrgB and
gel filtered the mix. The RrgB fiber eluted early in the gel-filtration
experiment, whereas SrtC-1 and unpolymerized RrgB both
eluted in volumes indicative of monomers (see Figure S148, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1839
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Sortase-Catalyzed Pilus Fiber FormationFigure 1. SrtC-1 Is a Pilus-Polymerizing Transpeptidase
(A) Western blots using polyacrylamide gradient gels developed with RrgB
antiserum. Lanes: (1), monomeric RrgB; (2), RrgB + SrtC-1; (3), RrgB + SrtC-
2; (4), RrgB + SrtC-3; (5) RrgB + SrtC-1Cys193Ala; (6) total extract from muta-
nolysed TIGR4; (7) supernatant from mutanolysed TIGR4; (8) total extract
from mutanolysed TIGR4DSP0466; (9) supernatant from mutanolysed
TIGR4DSP0466. Mutanolysed samples display pili that harbor not only poly-
merized RrgB, but also associated RrgA and RrgC, as well as peptidoglycan1840 Structure 16, 1838–1848, December 10, 2008 ª2008 Elsevier Lavailable online). The high-molecular-weight sample (Figure 1,
lane 10) was submitted to mass spectrometry (LCMS/MS) ex-
perimentation, which confirmed that the bands consisted of
RrgB (Table S1); subsequently, it was analyzed by negative
staining electron microscopy with a Philips CM12 microscope
employing 2% sodium silicotungstate at pH 7.5. Electron micro-
graphs show populations of fibers (Figure 1B, panel a) with
roughly two distinct diameters: the most prevalent types resem-
ble ‘‘beads on a string’’ and have diameters in the range of
3.5 nm, whereas the less common types of fibers have diameters
of approximately 7.0 nm, thus being potentially representative of
lateral associations of the thinner filaments (compare panels
d and g in Figure 1B). Assuming that 1 image pixel = 1.17 A˚,
we estimate that the longest fibers have an approximate molec-
ular weight of 480 kDa, whereas the shortest, of 140 kDa (see Ex-
perimental Procedures for precise calculations). In addition, sev-
eral fibers display a ‘‘kink’’ (Figure 1B panels c, g, h, and i), giving
evidence of flexibility. Notably, electron microscopy analyses of
pili on the surface of S. pneumoniae have shown them to be flex-
ible structures formed by 3.5-nm-thick protofilaments that inter-
sect laterally to form pili with diameters of 6.8 nm or, in areas of
more relaxed intersection, 9.5 nm (Hilleringmann et al., 2008).
Our observations suggest that the fibers formed in vitro through
the covalent association of RrgB monomers by SrtC-1 are struc-
tural mimics of the 3.5 nm and 6.8 nm filaments formed on the
pneumococcal surface.
A Closed Substrate-Recognition Channel
within Pilus-Forming Sortases
To gain insight into the catalytic aspects of the pilus-forming ma-
chinery at an atomic level, we crystallized and solved the high-
resolution structures of SrtC-1 and SrtC-3. Both enzymes elute
in volumes indicative of monomers in gel filtration, but crystallize
as dimers in the asymmetric unit of a P212121 (SrtC-1) or P23
(SrtC-3) cell. The structure of SrtC-1 was solved by performing
a 4 wavelength MAD experiment on a selenomethionylated
SrtC-1 crystal at the ESRF synchrotron in Grenoble; this model
was subsequently used to phase native data to 1.24 A˚. SrtC-3
data were collected to 2.2 A˚ on an in-house X-ray generator and
the structure was solved by employing the refined structure of
SrtC-1 (with modifications; see Experimental Procedure) as a
search model in a molecular replacement experiment. Data col-
lection and refinement statistics can be found in Tables 1 and 2.
SrtC-1 (residues 21–214; Figure 2A) is composed of eight
central, mostly anti-parallel b-strands that associate to form
a b barrel that is surrounded by three major a helices and three
310 helices. Helices a1, a2, and a3 form the roof of the SrtC-1
b-barrel, with the region that includes a3 forming a ‘‘lid’’ that
covers the active site (pink in Figures 2A and 2C). SrtC-3 (resi-
dues 39–241; Figures 2B and 2C), despite sharing 26.4% se-
quence identity with SrtC-1, displays a very similar fold to the
latter enzyme (rms deviation of 1.3 A˚ over 138 Ca atoms), with
fragments. (10) Gel-filtered sample analyzed by electron microscopy and
LCMS/MS.
(B) Top, negative staining electron microscopy images of the RrgB fibers gen-
erated by SrtC-1 activity. Black arrows point to fibers whose diameters are in
the range of 3.5 nm or 7.0 nm. Bottom, a gallery of typical fibers seen on grids.
Scale bar, 20 3 5 nm.td All rights reserved
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Sortase-Catalyzed Pilus Fiber FormationTable 1. Data Collection and Phasing Statistics for SrtC-1 and SrtC-3
Data Collection
Data set Peak Inflection Point High Remote Low Remote SrtC-1 Native SrtC-3 Native
Wavelength (A˚) 0.98055 0.980750 0.982450 0.978550 0.93100 1.5418
Space Group P212121 P212121 P212121 P212121 P212121 P23
a (A˚) 68.286 68.619 68.757 68.662 68.091 122.638
b (A˚) 70.070 70.366 70.469 70.337 70.189 122.638
c (A˚) 86.187 86.647 86.807 86.673 86.542 122.638
Resolution (A˚) 1.73 (1.831.73) 1.86 (1.981.86) 1.86 (1.981.86) 1.86 (1.981.86) 1.24 (1.321.24) 2.14 (2.272.14)
No. obs/unique ref. 297168/80448 240375/65317 240388/65393 236792/64343 1493780/114617 205227/30999
Completeness (%) 96.3 (88.0) 96.7 (89.3) 95.6 (84.8) 95.1 (83.5) 98.3 (93.9) 90.7 (75.8)
Rsym (last shell) 5.9 (37.4) 5.7 (44.6) 6.1 (63.6) 7.5 (83.4) 4.7 (50.7) 10.0 (51.0)
I/s(I) (last shell) 13.4 (3.6) 13.7 (3.2) 12.1 (2.3) 10.1 (1.8) 33.5 (5.1) 15.3 (4.4)
SrtC-1 Phasing
SHARP FOM
(acentric/centric)
0.43849/0.14854 0.43849/0.14854 0.43849/0.14854 0.43849/0.14854
Phasing power ISO
(acentric/centric)
0.253/0.208 0.844/0.879 0.170/0.160
Phasing power ANO 1.807 1.110 0.102 0.643the major difference being the presence of an additional a-helix
at the C terminus of SrtC-3. SrtC-3 also displays a ‘‘lid’’ over the
active site region; however, in both SrtC-1 and SrtC-3, the lid re-
gions display the highest temperature factors in the structures,
suggesting that they could be flexible or mobile elements. Anal-
ysis of the SrtC-3 structure reveals that residues 68–71 and 78–
82, located on the SrtC-3 lid, display B-factors of 47.4 A˚2 and
44.8 A˚2, respectively; these values are higher than for those of
the intervening region (residues 73–76, B-factor = 20.2 A˚2) as
well as for the overall structure B-factor (23.8 A˚2; Figure S2).
These observations suggest these residues could play the roles
of hinges in a potential lid opening mechanism (see below). The
central section of SrtC-1 and SrtC-3, which encompasses the
b-barrel, is reminiscent of that seen in the structure of sortases
involved in association of proteins to the peptidoglycan (SrtA) or
iron-heme transport (Ilangovan et al., 2001; Zhang et al., 2004).
However, the arrangement of a helices in the surrounding re-
gions is distinct, and the lid seen in the structures of the pilus-
Table 2. Refinement Statistics for SrtC-1 and SrtC-3
Refinement SrtC-1 SrtC-3
Resolution (A˚) 1.24 2.14
Rwork (%) 17.31 18.05
Rfree (%) 19.31 24.14
No. of protein atoms 3076 3340
No. of solvent atoms 471 505
No. of glycerol molecule 1 0
RMS deviation,
bond lengths (A˚)
0.007 0.028
RMS deviation,
bond angles ()
1.250 2.296
Mean B-factor (A˚2) 16.66 37.70
Res. most favored/allowed
regions of Ramachandran (%)
100 100Structure 16, 1838–18forming sortases related here is absent from all other sortases
whose structures have been solved to date (Figure S3). In addi-
tion, biochemical studies performed on SrtA from S. aureus
have revealed that its b6/b7 loop is a potential substrate spec-
ificity determinant (Bentley et al., 2007), and it is affected by the
presence of Ca2+ (Naik et al., 2006). Although the specificity of
the b6/b7 region of SrtC-1/SrtC-3 was not studied here, we did
not observe any effect of Ca2+ on RrgB fiber-forming activity
(not shown).
All sortases recognize the LPXTG motif of a target protein,
employ their catalytic cysteine in the nucleophilic attack of the
Thr-Gly peptidic bond, and subsequently catalyze a transpepti-
dation reaction by employing the free amino group from an ac-
ceptor substrate (Ton-That et al., 2002; Zong et al., 2004a). The
SrtC-1 active site includes a Cys-His-Arg triad that has been im-
plicated in catalysis in other surface-attachment sortases: Cys
193, at the C terminus of b7; Arg 202, at the N-terminus of b8;
and His 131, within the loop that follows b4 (Figure 3A). The
side chain of Cys 193 is present in two conformations (in both
monomers of the asymmetric unit) and was modeled with 0.5
occupancy in each case. In one of the conformations, it points
away from the center of the active site and makes a unique,
3.1 A˚ hydrogen bond with the Od1 atom of Asn 199, itself lo-
cated on the loop between b7 and b8. In the second conforma-
tion, the Sg moiety of Cys 193 points directly into the active site,
and makes a weak 3.4 A˚ hydrogen bond with the NH1 atom of
Arg 202. Notably, as is the case for other sortases whose struc-
tures have been solved to date (Ilangovan et al., 2001; Zhang
et al., 2004; Zong et al., 2004b), the nucleophilic cysteine does
not interact directly with His 131 (the closest distance is 5.4 A˚).
However, it is of note that the lid contributes two residues that
are anchored within the active site: Asp 58 and Trp 60. Asp 58
guarantees that the Arg 202 faces the Cys nucleophile by inter-
acting with both NH2 and N3 atoms, whereas Trp 60, in addition
to considerably increasing the hydrophobic nature of the cleft,
interacts with the Nd1 moiety of His 131 through its N31 atom.48, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1841
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Sortase-Catalyzed Pilus Fiber FormationFigure 2. Sortases of the Pilus-Formation Machinery Display Similar Folds
(A and B) SrtC-1 (A) and SrtC-3 (B) fold into b-barrels surrounded by helices; their active sites, centered on the region surrounding the C terminus of b7 and the N
terminus of b8, are covered by a lid (shown in pink).
(C) Structure-based sequence alignment of the three pilus-forming sortases of S. pneumoniae. Identical residues are shown with a red background, whereas
similar residues are shown in red and highlighted with blue boxes. Residues located within the active site cleft of SrtC-1/SrtC-3 are highlighted in green, whereas
the Asn residue on b7/b8 that contacts the nucleophilic Cys in SrtC-1 is shown with an orange background. The lid region is shown in magenta. The TM (trans-
membrane) region was predicted with the SMART server (www.smart.embl-heidelberg.de).The active site of SrtC-3 shows clear similarities with that of
SrtC-1; Cys 206, Arg 215, and His 144 occupy analogous posi-
tions to their counterparts in SrtC-1. In this case, however, a sin-
gle conformation of the Cys 206 side chain was detected, and it1842 Structure 16, 1838–1848, December 10, 2008 ª2008 Elsevier Ltpoints within the active site, toward Arg 215 (Figure 3B). This
difference could be caused by the fact that Asn 199 of SrtC-1
is has been substituted by a Phe side chain in SrtC-3, and thus
the Cys-Asn polar interaction observed in SrtC-1 is not possibled All rights reserved
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Sortase-Catalyzed Pilus Fiber Formationhere. In addition, the SrtC-3 lid gives evidence of being more
flexible than that of SrtC-1, with only the region encompassing
the anchor residues being clearly traceable in the electron den-
sity map. These residues include Asp 73, which, as is the case
in SrtC-1, interacts directly with Arg 215, and Phe 75, which
points snugly into the pocket and guarantees its hydrophobic
nature (much like Trp 60 in SrtC-1). It is of note that in both struc-
tures, the Asp residue located at the edge of the lid locks the Arg
side chain in place, positioning it in close proximity to the nucle-
ophilic Cys. Interestingly, the structures of surface-attachment
sortases have revealed active sites that are not covered by lids
and are much more solvent-exposed than those observed here
(Figure 3C). In addition, these exposed active clefts display cat-
alytic residues whose side-chain positions are not constrained;
in SrtA from S. aureus, even in the presence of substrate, the
side chain of the catalytic Arg residue points away from the
nucleophilic Cys (Zong et al., 2004a). This observation underlines
the possibility that the role of the interaction between the cata-
lytic Arg and the Asp side chain located on the SrtC-1/SrtC-3
lid is not only to ‘‘lock’’ the lid in place in the absence of sub-
strate, but also to guarantee that the Arg side chain will be appro-
priately positioned, potentially for oxyanion transition state stabi-
lization (Frankel et al., 2007), once the lid is removed and
substrate is bound. Thus, pilus-forming sortases present tightly
knit active sites whose access is restricted by the presence of
a potentially flexible lid, and whose residues are pre-positioned
for catalysis.
DISCUSSION
Although pili have been identified on the surface of approxi-
mately 30% of the strains of the major human pathogen S. pneu-
moniae and shown to be involved in pathogenicity, little is known
about the complex macromolecular machinery that regulates
their biogenesis. In this work, we have identified that formation
of the pilus backbone in the pneumococcus, known to be com-
posed of the covalently linked subunits of RrgB, is catalyzed by
a pilus-polymerizing enzyme, SrtC-1, the first sortase within the
rlrA pathogenicity islet. We show that SrtC-1 is able to polymer-
ize monomeric RrgB in vitro, whereas the third sortase encoded
by the islet, SrtC-3, displays a modest capacity to associate
RrgB monomers. A pneumococcal strain in which the SP0466
gene was knocked out displays a clearly diminished capacity
of producing polymerized pili on its surface as well as an in-
creased amount of RrgB monomers associated to the bacterial
cell wall. Interestingly, a small amount of pili can still be detected
on the surface of the TIGR4DSP0466 strain, suggesting that the
absence of this pilus-polymerizing transpeptidase can be partly
compensated by another sortase. These observations are
corroborated by those of LeMieux and coworkers (LeMieux
et al., 2008), who show that pneumococcal strains lacking indi-
vidual pilus-forming sortases can still express pili, although the
amount of surface-associated pili formed was not explored in
their study.
In addition, we show that the RrgB fibers can be reconstituted
in vitro from purified RrgB monomers and SrtC-1. In this sense,
SrtC-1 acts as a catalyst to promote the covalent association of
RrgB monomers independent of cellular energy. Pilus fibers pro-
duced in vitro and visualized in this work by electron microscopyStructure 16, 1838–184have approximately the same diameters as the single-coiled
(3.5 nm) or double-coiled coil (6.8 nm) protofilaments identified
and measured on the surface of pneumococci (Hilleringmann
et al., 2008). Nevertheless, the assemblies produced in vitro (av-
erage length 35 nm) are shorter than the longest pili yet visual-
ized in vivo, which have been reported as having lengths of up
to 1 mm (Hilleringmann et al., 2008). It is of interest, however,
that surface-associated pili are often heterogeneous in length,
with short forms also being visible in several instances (Barocchi
et al., 2006; Hilleringmann et al., 2008; Nallapareddy et al., 2006;
Rosini et al., 2006; Weerkamp et al., 1986). It is thus possible
that the structures isolated and visualized in this work could rep-
resent the minimal building blocks of the pilus fiber. However, it
is also possible that the RrgB fibers formed in vitro are shorter
than their wild-type counterparts because SrtC-1 polymerizes
RrgB inefficiently (as shown by the finite number of high-molec-
ular-weight bands on Figure 1A, lane 2). This could indicate that
efficient fiber formation requires the concomitant participation
of other members of the pilus-forming machinery, such as the
other sortases. However, when this possibility was tested
in vitro by incubation of RrgB with SrtC-1, SrtC-2, and SrtC-3
in different combinations, the pattern of formed fibers was iden-
tical to that observed with SrtC-1 only (not shown). It is thus con-
ceivable that, in vivo, fiber formation is a well-orchestrated event
that requires that the entire pilus-forming macromolecular ma-
chinery be associated to the bacterial outer membrane in order
to optimize partner recognition events and catalysis, an organi-
zation that cannot easily be emulated in vitro.
Our results also reflect the potential requirement that SrtC-1
be maintained in an ‘‘activated’’ state through the entire fiber-
formation process. Evidence for this possibility comes from the
mapping of conserved/identical residues between sortases on
the surface of SrtC-1, and comparison with the surface diagram
of a well-studied sortase, SrtA from S. aureus (Figures 2C and 4).
All sortase isoforms studied to date possess a highly conserved
Thr-Leu-X-Thr motif that precedes the Cys nucleophile, and is lo-
cated along b7 (shown in orange and red in Figure 4). Modifica-
tions within this sequence in SrtA suggest that it plays a role in
substrate recognition (Frankel et al., 2007), a conclusion that is
supported by the crystal structure of SrtA in complex with the
LPETG peptide, which reveals that the substrate is located in
proximity to this sequence (Zong et al., 2004a) (Figure 4B).
Both SrtC-1 and SrtC-3 also possess this highly conserved re-
gion within an elongated cleft; however, in the pilus-forming sor-
tases, this zone is covered by the lid, whose function also
involves providing an anchor for the active site (shown in dark
blue). These observations suggest that, in SrtC-1/SrtC-3,
a closed lid (as seen in the structure) potentially prevents recog-
nition of LPXTG-like sequences, necessitating a mechanism of
lid opening in order for catalysis to occur. This process could
be initiated by an initial recognition between the Rrg-substrate
and the closed sortase; only binding of the appropriate substrate
would lead to lid opening and enzyme activation. This model
would be in agreement with the one recently put forward by Man-
dlik and coworkers (Mandlik et al., 2008), who suggest that, in or-
der for proper pilus assembly to occur, two distinct sortases
must act sequentially: the pilus-forming and the housekeeping
enzymes, the latter of which will recognize lipid II as a substrate
and anchor the formed polymers to the cell wall. Because, as8, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1843
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similar, encapsulation of the catalytic cleft of the pilus-forming
enzyme by a lid that can only be opened by the appropriate pilin
subunit would ensure that lipid II is not recognized, thus guaran-
teeing proper orchestration of polymerization and cell wall at-
tachment steps.
All three structural proteins that compose the pneumococcal
pilus carry LPXTG-like motifs on their C termini, albeit with slightly
distinct sequences (RrgA: YPRTG; RrgB: IPQTG; RrgC: VPDTG),
which in principle are the substrates of a comparable transpepti-
dation reaction. Their exquisite specificity was illustrated by the
elegant work performed by LeMieux and coworkers (LeMieux
et al., 2006), who showed that exchange of the YPRTG motif of
RrgA into the analogous motifs of RrgB or RrgC abrogated asso-
ciation of RrgA onto the RrgB fiber. Hence, slight modifications
within the LPXTG-like sequences might have profound conse-
quences for catalysis. To gain insight into the question of speci-
ficity of pilus-forming sortases, we compared surface potentials
of all three enzymes after generating a model of SrtC-2 based
on the structure of SrtC-1 (with which it shares 55.7% sequence
identity; Figure 2C). This analysis (Figure 5) reveals clear differ-
ences within the active sites of SrtC-1, SrtC-2, and SrtC-3, as
well as the regions that surround them. Most striking is the vast
acidic region on the surface of SrtC-3, which contrasts sharply
with the much smaller acidic region on the surfaces of SrtC-1
and SrtC-2, centered on Glu 103 and Glu 94, respectively; these
differences are located on the closed lid regions. In addition, the
catalytic clefts themselves also show differences, with that of
SrtC-1 being more basic than that of SrtC-2, whereas that of
SrtC-3 displays a clear negative charge. Thus, sortase specificity
and differential recognition of RrgA, RrgB, and/or RrgC poten-
tially involve interactions not only within the active site, but also
with the surrounding region, which includes the flexible lid, as
suggested above. It is of interest, thus, that our experiments
show that both SrtC-1 and SrtC-3 can associate RrgB mono-
mers, confirming that a certain level of ‘‘cross-specificity’’ exists
among pilus-forming sortases. In light of our results, we suggest
that this might arise as a consequence of the considerable flexi-
bility observed for the lid region, coupled to the conservation of
active site residues and the nature of the transpeptidation reac-
tion catalyzed. These observations give the sortase lid region
a key role in the processes of pilin substrate recognition and
initiation of catalysis.
To verify if these observations could be extended to the pilus
biogenesis process in other Gram-positive organisms, we
performed a BLAST analysis using the pneumococcal SrtC-1
sequence and searched for the telltale lid anchor residues
Figure 3. The Active Site of Pilus-Forming Sortases Is Anchored by
a Lid
(A) The nucleophilic Cys 193 in SrtC-1 displays two conformations, but only
one is shown for clarity.
(B) The active site of SrtC-3, like SrtC-1, displays a catalytic Arg residue whose
side chain is stably anchored by an Asp residue on the lid ‘‘anchor’’ region. In
both active sites, the conserved His residue is approximately 5.4 A˚ away from
the Cys nucleophile.
(C) The active site of SrtA from S. aureus (Protein Data Bank code 1T2P) is
mostly solvent-exposed and does not harbor a lid.Ltd All rights reserved
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Sortase-Catalyzed Pilus Fiber FormationFigure 4. The Substrate-Binding Cleft of Sortases Is Conserved
(A) Surface of SrtC-1, onto which residues that are conserved (orange) and identical (red) among the three pilus-forming sortases and have been mapped. The
analogous residues were mapped onto the surface of S. aureusSrtA (B). This analysis identifies that the lid of pilus-forming sortases (shown in green) is positioned
analogously to the LPETG substrate peptide (shown in cyan) in the structure of SrtA, suggesting that the substrate-recognition cleft in pilus-forming sortases is
sterically blocked by the lid. Active site residues are shown in dark blue.(Asp-Pro-Hyd) located approximately 125 amino acids N termi-
nal to the nucleophilic Cys (magenta in Figure 2C). Interestingly,
we were able to identify this sequence in pilus-forming sortases
from a variety of other piliated species, including Streptococcus
agalactiae, Streptococcus pyogenes, Bacillus cereus, Entero-
coccus faecium, Actinomyces naeslundii, and the well-studied
Corynebacterium diphtheriae (Figure S4). These observations
suggest that Gram-positive organisms could employ a universal
mechanism for pilus biogenesis, where sortases encoded by the
pilus-related pathogenicity islets harbor encapsulated active
sites, thus necessitating substrate-induced activation for pilus
formation.
The targeting of pathways essential for bacterial survival by an-
tibiotics has a strong link to the development of drug resistance.
Sortases are not essential for bacterial survival, but they allow
bacteria to express surface-associated proteins that play impor-
tant roles in virulence. Developing molecules that challenge
a bacterium’s capability to successfully employ its pathogenicityStructure 16, 1838–184arsenal during infection could be an alternative approach toward
antibiotic development (Walsh, 2003). The absolute requirement
for sortases for pilus formation in Gram-positive pathogens,
coupled to active site features that clearly distinguish them
from classic sortases and to the fact that they are surface-
exposed and thus potentially ligand-accessible, suggests that
these enzymes are tractable, potential targets for novel antibio-
therapy development for a variety of Gram-positive species.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification of RrgB, SrtC-1, SrtC-2,
and SrtC-3
The regions of the S. pneumoniae TIGR4 coding for amino acids 30–633
(RrgB), 17–228 (SrtC-1), 9–220 (SrtC-2), and 32–254 (SrtC-3) were amplified
using conventional PCR methodologies and cloned into vector pLIM (Protein
Expert, Grenoble). Resulting vectors were transformed into E. coli RIL cells
(Invitrogen). In all four cases, protein expression was induced in Terrific Broth
with 1 mM IPTG at 37C during 3 hr. Cells were harvested by centrifugationFigure 5. Surface Potential Representations of All Three Pilus-Forming Sortases, with a Direct View onto the Active Site
The structure of SrtC-2 was generated by building a model based on the structure of SrtC-1, with which it shares 55.7% sequence identity. Striking features
include the highly basic character of the SrtC-1 cleft and the vast acidic region in the vicinity of the SrtC-3 active site (same orientation as in Figure 3).8, December 10, 2008 ª2008 Elsevier Ltd All rights reserved 1845
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Sortase-Catalyzed Pilus Fiber Formationand lysed by sonication in 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 20 mM
imidazole, 1 mM PMSF, 0.1 mM aprotinin, and 1 mM pepstatin. The lysates
were clarified by centrifugation and applied onto HisTrapHP columns
(Amersham Biosciences) pre-equilibrated in lysis buffer. Protein elution was
performed using linear gradients of 20–500 mM imidazole over 20 ml. Pro-
tein-containing fractions were dialyzed 2 hr into 50 mM Tris-HCl (pH 8.0),
200 mM NaCl, and 20 mM imidazole at 4C and subsequently incubated
with 1:10 (w/w) Tev protease overnight at 15C. The proteins were reloaded
onto HisTrapHP columns and the eluted, cleaved products were loaded
onto HiLoad 16/60 Superdex 200 (Amersham Biosciences) in 50 mM HEPES
(pH 7.5) and 150 mM NaCl. Pooled, concentrated fractions were employed in
crystallization trials and RrgB fiber formation experiments as described below.
Selenomethionylated SrtC-1 was overexpressed in E. coli RIL cells in mini-
mal medium supplemented with thiamine (0.2 mg/ml), leucine (50 mg/l), valine
(50 mg/l), isoleucine (50 mg/l), lysine (100 mg/l), phenylalanine (100 mg/l), thre-
onine (100 mg/l), and selenomethionine (60 mg/l). Expression and purification
was performed as described above for the native SrtC-1.
In Vitro RrgB Fiber Formation and Electron Microscopy Analyses
Recombinant, purified RrgB and SrtC-1 were mixed at a ratio of 1:2 (w/w) and
incubated overnight at 37C. RrgB was also incubated with SrtC-2 and SrtC-3
at the same ratio and under the same conditions, in a total volume of 40 ml. Re-
actions were stopped by boiling for 10 min in the presence of Coomassie blue
dye and 1% SDS. Aliquots of the mixtures were subsequently analyzed on
4%–12% SDS-PAGE gradients and then subjected to immunobloting using
a 1:5000 dilution of mouse antibodies raised against RrgB. After washing,
membranes were incubated with an anti-mouse antibody conjugated to horse-
radish peroxidase at a 1:10,000 dilution. An immunoreactive signal was
detected by chemiluminescence (ECL, Biorad).
Samples destined to electron microscopy analyses were prepared as
described above and subsequently loaded onto a Superdex 200 gel filtration
column (GE Healthcare). All eluted fractions were tested by immunoblotting
with anti-RrgB antibodies, and those that corresponded to the high-molecular-
weight forms (Figure 1A) were submitted to negative staining electron
microscopy analyses.
Four microliters of the protein sample at approximately 0.05 mg/ml were ad-
sorbed onto the clean face of a carbon film on a mica sheet (carbon/mica in-
terface) and negatively stained with 2% (w/v) neutral sodium silicotungstate.
Micrographs were taken under low-dose conditions with a CM12 LaB6 elec-
tron microscope working at 120 kV and with a nominal magnification of
60,000X. Electron micrographs were digitized using a Zeiss scanner with
a pixel size of 7 nm (1.17 A˚ at the sample scale).
Volumes of individual protein fibers were calculated by assuming that
1 pixel = 1.17 A˚ (and thus 50 A˚ = 43 pixels), and that the average density of
a protein is 0.86 Da/A˚3. The calculated volume will thus correspond to the
length of each individual fiber (L) multiplied by the surface of the section (p
3 r 3 r, where r represents the fiber at half-height). Thus:
for panel ðaÞ; 290 A 3 50 A; L= 290 A; r= 25 A/480 kDa
for panel ðdÞ; 140 A 3 54 A; L= 140 A; r= 27 A/275 kDa
for panel ðh; bottomÞ; 120 A342 A; L=120 A; r= 21 A/140 kDa
The fibers shown in the EM images thus have masses that range from 140 kDa
to approximately 480 kDa.
Construction and Analysis of the SP0466 Deletion Mutant
The SP0466-inactivated TIGR4 strain was constructed by PCR insertion of the
cat cassette directly into the genome. The PCR product was transformed into
the wild-type TIGR4 strain, as previously described (Bricker and Camilli, 1999)
and then plated onto Columbia blood agar plates containing chloramphenicol
(4 mg/ml). Transcription of the downstream genes (SP0467, SP0468) was ver-
ified by analysis of the total RNA of the mutant, demonstrating no polar effect
as a consequence of the SP0466 deletion (data not shown). Wild-type TIGR4
and deletion strains were grown in Todd-Hewitt broth (BD) supplemented by
0.5% yeast extract (Sigma) at 37C, 5% CO2, until an OD600nm of 0.45 A.U. Cul-
tures were centrifuged and the bacterial pellet, after being washed with PBS,1846 Structure 16, 1838–1848, December 10, 2008 ª2008 Elsevier Lwas treated with 200 U/ml mutanolysin (Sigma), 1 mg/ml lysozyme (Sigma),
and a protease inhibitor cocktail (Complete, Roche) for 3 hr at 37C. Cellular
debris were removed by centrifugation at 11 000 rpm for 15 min.
Thirty microliters of each sample was mixed with XT Sample Buffer and XT
Reducing Agent (Bio-Rad), boiled at 100C for 10 min and loaded onto 4%–
12% Criterion XT Precast gels (Bio-Rad). Gels were run for approximately
3 hr and subsequently electrotransferred in Trans-Blot Transfer Medium
(Bio-Rad). Incubation times of 1 hr were successively performed using anti-
RrgB polyclonal mouse antibodies (diluted 1:5000) and anti-mouse HRP
conjugate antibodies (Sigma, diluted 1:120,000) before detection with a chemi-
luminescent substrate (Pierce).
Crystallization, Data Collection, Structure Solution,
and SrtC-2 Modeling
Crystals of native SrtC-1 were obtained by the hanging-drop vapor diffusion
method in 100 mM Tris-HCl (pH 8.5), 200 mM MgCl2 hexahydrate, and 30%
w/v polyethylene glycol 4000 at 20C. Crystals were cryoprotected by brief in-
cubation in mother liquor containing increasing concentrations of glycerol (up
to 15%), and subsequently were flash-cooled in the nitrogen stream. A first na-
tive data set (1.24 A˚) was collected at the European Synchrotron Radiation Fa-
cility (ESRF) beamline ID14-EH3 (Grenoble, France). A four-wavelength MAD
experiment was performed on the Se edge on the ESRF ID23-EH1 beamline.
Diffraction images were indexed and scaled with XDS (Kabsch, 1993) and
merged with the CCP4 6.0.2 program suite (CCP4, 1994). Identification of
selenium atom positions, refinement, and phasing were performed with
AutoSHARP (Bricogne et al., 2003; de la Fortelle and Bricogne, 1997) and
automatic model building was performed with ARP/wARP 7.0.1 (Perrakis
et al., 1999). PHASER (Storoni et al., 2004) was subsequently used to perform
molecular replacement using the model generated by the MAD experiment in
order to phase data collected to 1.24 A˚, and the model was automatically com-
pleted and refined using Lafire 2.6 (Yao et al., 2006). Cycles of manual model
building were performed with COOT 0.4.1 (Emsley and Cowtan, 2004),
whereas cycles of restrained refinement employing TLS motion determination
(Painter and Merritt, 2006) were performed with REFMAC 5.4 (Murshudov
et al., 1997) as implemented in the CCP4 program suite. Data collection and
refinement statistics are shown in Tables 1 and 2. Residues 20–213 of SrtC-1
are included in the final model. There is an rmsd value of 0.211 A˚ between the
two monomers that form the asymmetric unit dimer.
SrtC-3 crystals were obtained in 100 mM MES (pH 5.0), 0.5 M (NH4)2SO4, and
1.0 M LiSO4, and cryocooled directly on the nitrogen stream. A native data set
was collected to 2.14 A˚ using an in-house Rigaku rotating anode generator
equipped with osmic multilayer mirrors and a R-AXIS IV2+ detector. The struc-
ture was solved by molecular replacement using the program PHASER (Storoni
et al., 2004) and employing a search model consisting of the core of SrtC-1 (res-
idues 82–209) in which all amino acids that differed between SrtC-1/SrtC-3 were
replaced by alanines. Manual model building and refinement were performed as
for SrtC-1, as described above. For both structures, stereochemical verification
was performed by PROCHECK (Laskowski et al., 1993) and secondary struc-
ture assignment was performed by DSSP (Kabsch and Sander, 1983) an
STRIDE (Heinig and Frishman, 2004). The final SrtC-3 model includes residues
35–242, and there is an rmsd of 0.045 A˚ between the two monomers that gen-
erate the dimer seen in the asymmetric unit. Data collection and structure refine-
ment statistics are shown in Tables 1 and 2. The SrtC-2 model was generated
through homology modeling basedon thestructure of SrtC-1 followed by refine-
ment, using the Modeler 9.3 program (Sali and Blundell, 1993) as implemented
in CCP4. Figures were generated with PyMol (http://www.pymol.org).
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